Angiotensin II has been shown to increase the excretion (1) and secretion (2) of aldosterone by normal human subjects, and the secretion of aldosterone by hypophysectomized, nephrectomized dogs (3) (4) (5) . In the latter preparation (3), renin, which leads to the liberation of angiotensin in the circulation (6), has been shown to stimulate aldosterone secretion. The present studies were done to determine whether angiotensin and renin can act directly on the adrenal cortex. The slices were minced with scissors and weighed. Specimens weighing about 500 mg were placed in 5 ml of Krebs-Ringer bicarbonate medium containing glucose in a concentration of 200 mg per 100 ml. At least 4 vessels were incubated and analyzed separately for each portion of each experiment. Thus, there were at least 4 control vessels and at least 4 with each precursor or stimulating agent studied in each experiment. The tissues were kept chilled until incubation, which was started between 3 and 5 hours after the death of the cattle. Tissues were preincubated for 1 hour at 37°C under 5 per cent CO2-95 per cent 02 on the Dubnoff metabolic shaker. The preincubation medium was removed, and 5 ml of fresh medium was used to transfer the slices to vessels to which the appropriate precursor had been added with or without ACTH, renin, or angiotensin II. Incubation was for 2 hours.
Angiotensin II has been shown to increase the excretion (1) and secretion (2) of aldosterone by normal human subjects, and the secretion of aldosterone by hypophysectomized, nephrectomized dogs (3) (4) (5) . In the latter preparation (3) , renin, which leads to the liberation of angiotensin in the circulation (6) , has been shown to stimulate aldosterone secretion. The present studies were done to determine whether angiotensin and renin can act directly on the adrenal cortex. It will be shown that angiotensin II, like ACTH, does have such a direct effect, and renin does not. The effect of various precursors on the biosynthesis of aldosterone was determined and compared with their effect in the presence of ACTH and angiotensin II. In this way, we have sought to identify and compare the loci of action of ACTH and angiotensin II in the biosynthesis of aldosterone.
METHODS AND MATERIALS

Tissue preparation and incubation
Beef adrenal slices. Adrenal glands were removed within 15 minutes after slaughter, freed of most of the adhering tissues, and placed in chilled Krebs-Ringer bicarbonate medium. Glands were from cows, except in a few instances when only steers were available. Small pieces of the glands were cut with a Stadie-Riggs microtome adjusted to prepare slices about 0.2 mm thick. The first (outer) slice was considered to be glomerulosa, the next two to be fasciculata. Separation of the two zones was not complete, however, as shown both by histology and by measurements of steroids. There appeared to be very little of the zona fasciculata in the outer slices, since the amount of cortisol in homogenates of unincubated outer slices was only one-tenth that in the inner slices. The concentrations of aldosterone were approximately equal in the two tissues due to the inclusion both of a considerable amount of zona glomerulosa in the inner slices and of functionally inactive fibrous capsule in the outer slice.
The slices were minced with scissors and weighed. Specimens weighing about 500 mg were placed in 5 ml of Krebs-Ringer bicarbonate medium containing glucose in a concentration of 200 mg per 100 ml. At least 4 vessels were incubated and analyzed separately for each portion of each experiment. Thus, there were at least 4 control vessels and at least 4 with each precursor or stimulating agent studied in each experiment. The tissues were kept chilled until incubation, which was started between 3 and 5 hours after the death of the cattle. Tissues were preincubated for 1 hour at 37°C under 5 per cent CO2-95 per cent 02 on the Dubnoff metabolic shaker. The preincubation medium was removed, and 5 ml of fresh medium was used to transfer the slices to vessels to which the appropriate precursor had been added with or without ACTH, renin, or angiotensin II. Incubation was for 2 hours.
The control values for synthesis of aldosterone by the adrenals in vitro showed wide variations from experiment to experiment. The higher the control value, the less was the effect of any given stimulus. Thus, when production of aldosterone by the control beef slices was greater than 2 gsg per g of tissue per hour, experimental procedures produced little or no increase of synthesis. Therefore, only preparations with control values below 2 ,lg per g per hour are included. Factors which may have affected the control level of aldosterone production were water and salt deprivation. Control values were above 4 ,ug per g per hour only during the winter months when the ground was frozen and the cattle had no access to water for at least 24 to 48 hours before slaughter and limited access to water and salt for a longer period. A stimulatory effect of water deprivation on synthesis of aldosterone in vivo (7) and of salt depletion on synthesis in vitro (8) has been observed. Other factors may have led to this seasonal variation, a problem noted by others studying corticosteroid synthesis in vitro (9) .
The capacity of the tissue to respond to any given stimulus was found to decrease with the passage of time, so this was kept relatively constant in all experiments.
Rat adrenal sections. Aldosterone, corticosterone, and cortisol were measured by the double isotope derivative assay of Kliman and Peterson (13) . Just before the medium was removed, known amounts of the appropriate C1"-ring-labeled steroid were added to each vessel as tracers. Thus, losses during transfer, extraction, and every subsequent step of the determination could be measured. Since recovery of C14-labeled aldosterone varied between 5 and 30 per cent among the vessels of the same experiment, the need for such an internal standard is evident.
All values were expressed as micrograms of steroid per gram of beef tissue or per 100 mg of rat tissue per hour of incubation. In all experiments, the mean of the steroid values in vessels containing precursor or stimulant was compared to that of control specimens simultaneously incubated. When the results of multiple experiments are compared, the values are expressed as the percentage of change from the control specimens. Statistical evaluation was by the t test (14) .
RESULTS
Effect of precursor alone
Beef adrenal slices ( Figure 1 and Table I ). jMg per g of tissue (3 x 10-6 to 6 x 10-5M). There was no increase in aldosterone production with acetate, mevalonate, or cholesterol at any of the concentrations used ( Figure 1 ). Progesterone increased synthesis of aldosterone by 36 per cent, whereas both DOC and corticosterone had an even greater effect in the experiment in which all precursors were compared (Table I ). In the experiment in which increasing concentrations of DOC were added (not shown), production of aldosterone reached a maximum of 3.74 Mug per g per hour with 20 ug of DOC per g of tissue. At concentrations as high as 100 fg per g, DOC caused no further increase in aldosterone synthesis.
Rat adrenal sections ( Figure 2 ). Rat sections were incubated with the following precursors: sodium mevalonate, 20 Mug per 100 mg of tissue (6 x 10-5M); and cholesterol, progesterone, and DOC, all at 20 ug per 100 mg of tissue (3 X 10-5M). The effect of the various precursors on production of aldosterone closely paralleled that found with beef slices (Figure 2 The effect of increasing doses of ACTH on the production of corticosterone and aldosterone is shown in Figure 5 . The effect on synthesis of corticosterone is greater at each dose level, but aldosterone production is significantly increased (p < 0.02) with the largest dose of ACTH. Figure  7 ). The degree of stimulation was less striking than with ACTH, but more reproducible. Angiotensin had no effect on the synthesis of aldosterone in the presence of progesterone and corticosterone. Figure 8 shows in abbreviated form biosynthetic pathways by which aldosterone and cortisol have been shown to be formed from acetate (17, 18) . A number of alternate pathways have been suggested. In particular, it has been claimed that the following precursors may be incorporated into adrenal steroids without traversing these pathways in their entirety: acetate (19) , mevalonate (20) , desmosterol (21) , cholesterol (20) , progesterone (22) , and deoxycorticosterone (23) . Evidence for these alternate pathways has been derived from measurements of the specific activity of the final product after the addition of radioactive precursors. As noted by Reiner (24) , and by Zilversmit, Entenman and Fishler (25) , however, the presence of radioactivity in a product shows only that some of it came from a radioactive precursor. The route by which the product was formed could be deduced only if it were possible to identify all the intermediate products and measure their pool size and rate of production as well as the total rate of production of the final product. Such measurements are not as yet available for adrenal steroids, and accordingly, the existence of alternate pathways has not been established. The increasing production of aldosterone upon addition of precursors progressively "lower" in the biosynthetic pathway, as described above, is in accord with the view that the pathways shown in Figure 8 are the important or, indeed, the only ones.
DISCUSSION
The results establish that ACTH stimulates secretion of aldosterone in vitro. Whereas an effect of ACTH on aldosterone synthesis in vivo is well established (26) (27) (28) , equivocal results have heretofore been obtained in vitro (29, 30) . Sensitive methods for analysis of aldosterone were not available when these earlier studies were. done.
The results show that angiotensin, like ACTH, can directly stimulate the beef adrenal cortex to secrete aldosterone, corticosterone and cortisol. If the pathways for biogenesis of steroids are as shown in Figure 8 , angiotensin, to stimulate corticosterone and cortisol production, must act at a site at least as early as progesterone.
The establishment of a direct effect of ACTH and angiotensin on the synthesis of aldosterone by beef adrenal slices makes it clear that both these agents may act without the mediation of any extra-adrenal receptors. The failure of a renin preparation to induce steroidogenesis in vitro even in the presence of beef serum, despite its clear activity in vivo (3), suggests that renin acts on steroid .production only via its ability to release angiotensin (6) . The amount of beef serum used in incubation was presumably insufficient to supply significant amounts of angiotensin II.
When ACTH was added to beef adrenal slices in the presence of precursors, synthesis of aldosterone was increased to a figure above that found with precursor alone only in the case of cholesterol. With the added cholesterol, small doses of ACTH (1 U per g tissue), which had no effect by themselves, stimulated steroid production as much as did the larger dose ( There is much to support the last hypothesis. The enzymes needed to cleave the side chain from cholesterol are almost exclusively localized within the mitochondria (36) , so that cholesterol utilized in the synthesis of steroids must probably first enter the mitochondria. The utilization of cholesterol in steroid biosynthesis is increased in preparations with disrupted mitochondria (18) , wherein contact between substrate and enzyme is presumably enhanced. ACTH is active only in whole cell preparations (37) . Thus, disruption of the mitochondria produces an "ACTH-like" effect, and ACTH itself has no further action.
ACTH does indeed increase the entry of cholesterol into adrenal cells (38) , but attempts to demonstrate a selective increase of cholesterol in the mitochondria have been unsuccessful (39) .
Our own findings are consistent with a site of action of ACTH at the level of cholesterol, but do not define further its mode of action. The effects of angiotensin upon steroidogenesis closely resemble those of ACTH. As with ACTH, cholesterol was the only precursor whose effect on biogenesis of aldosterone was further stimulated by angiotensin. The data suggest a site of action for angiotensin at or near that of ACTH. If the action of ACTH on steroidogenesis does require the 3',5'-AMP-phosphorylase-TPNH system, as discussed above, then it is likely that the role of angiotensin differs from that of ACTH. Williams (40) , using the method of Rall and Sutherland (41) , found that, whereas ACTH induced a twofold increase of phosphorylase activity in a preparation of beef outer slices, angiotensin had no effect on phosphorylase activity in the same preparation.
Whereas these results demonstrate that angiotensin can directly stimulate secretion of aldosterone, they do not bear upon the question as to whether stimulation of aldosterone secretion by angiotensin has a physiologic role, as. for example, in the response to sodium deprivation, as suggested by Tobian (42) . Indeed, since sodium depriva-tion does not lead to an increased excretion of 17-hydroxycorticoids (27) , our finding that cortisol secretion was consistently stimulated by angiotensin argues somewhat against such a role.
SUMMARY AND CONCLUSIONS
The effects of various precursors on biogenesis of aldosterone were studied with slices of beef adrenal cortex, and with sections of rat adrenal.
Acetate, mevalonate, and cholesterol were without effect, whereas progesterone, deoxycorticosterone, and corticosterone induced significant increases in aldosterone synthesis.
ACTH and angiotensin II stimulated synthesis of aldosterone, corticosterone, and cortisol by beef slices, whereas only ACTH had a significant effect upon aldosterone and corticosterone synthesis by rat sections.
ACTH stimulated aldosterone secretion with exogenous cholesterol, had no effect with exogenous progesterone, and significantly diminished secretion with exogenous deoxycorticosterone and corticosterone.
Angiotensin II stimulated aldosterone secretion with exogenous cholesterol but had no effect with exogenous progesterone or corticosterone.
The data are consistent with the view that ACTH and angiotensin can influence steroidogenesis at the level of cholesterol. These results do not establish a physiologic role for angiotensin.
